All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

The phenomenon of tobacco mosaic virus (TMV) thermal transition at 94°C into RNA-free protein spherical particles (SPs) was revealed in our previous works \[[@pone.0216905.ref001]\]. We demonstrated that SPs are highly stable to various physical factors, water-insoluble and biodegradable. The SPs size (53 nm and over) depends on initial concentration of TMV and can be controlled. The SPs are safe for mammals, have unique adsorption properties and are an effective adjuvant \[[@pone.0216905.ref002]--[@pone.0216905.ref006]\]. Thus, SPs are able to serve as a basis for developing new pharmaceuticals, including vaccines \[[@pone.0216905.ref007]--[@pone.0216905.ref010]\]. However, the fine structure of the SPs has not yet been determined. Therefore, any additional information about the structure of the SPs can be important, as it will help to understand the origin of the unique properties of these particles and the possibilities of their application in biotechnology.

To characterize the surface area of proteins of intact virions and SPs, we subjected the SPs preparations to atomic tritium labelling. The TMV coat protein (CP) surface, accessible for tritium labelling in native virions (U1) has been described previously \[[@pone.0216905.ref011], [@pone.0216905.ref012]\].

This method has been used successfully to determine the surfaces of proteins in different macromolecular complexes, including plant and animal viruses, ribosomes, cells and membrane proteins \[[@pone.0216905.ref011], [@pone.0216905.ref013]--[@pone.0216905.ref019]\].

Technique based on nonselective replacement of protium for tritium in a superficial layer of a macromolecule (on depth 3--5 Å). The introduction of tritium label in biological compounds is realized by the bombardment with the beam of hot tritium atoms of the target cooled down by fast freezing of protein solution and virus particles at liquid nitrogen temperature. The vessel-reactor was evacuated, and the generation of hot tritium atoms was attained by the catalytic dissociation of molecular tritium at the tungsten wire heated up to 2000 K. The introduction of tritium labels under such conditions occurs through single collisions of tritium atoms with the target, and the intramolecular distribution of the labels among the residues of amino acids is determined by their accessibility in a macromolecule \[[@pone.0216905.ref020]\].

Earlier, we compared the distribution of the tritium label in wild type TMV virion (strain U1) and temperature-sensitive TMV mutant ts21-66 \[[@pone.0216905.ref012]\] and found the screening of the N-terminal CP segment. The purpose of present work was a comparative study of the amino acid composition of the SPs and virions surface to characterize their properties. In this study, the SPs segments accessible to tritium labeling were identified. A comparison of the locations of tritium label in protein amino acids in the intact TMV virion and SPs was made in order to determine structural fragments of CP involved in transformation and the most likely surface areas of SPs. We used independent experimental approaches, namely limited proteolysis and MALDI-TOF mass spectrometer (MS) analysis of the proteolysis products of SPs and virions, to confirm our results.

Materials and methods {#sec002}
=====================

Virus and SPs preparation {#sec003}
-------------------------

The detailed protocol for extraction and purification of TMV from the infected *Nicotiana tabacum L*. *cv*. *Samsun* leaves was described previously \[[@pone.0216905.ref021]\]. SPs samples were prepared from TMV according to \[[@pone.0216905.ref001]\]. The morphology and size distribution of the obtained TMV spherical particles were subsequently analyzed by transmission electron microscopy and nanoparticle tracking analysis according to \[[@pone.0216905.ref022], [@pone.0216905.ref023]\]. The average size of SPs was 260 nm.

Fluorescence labelling {#sec004}
----------------------

The procedure of fluorescein isothiocyanate (FITC) labelling of TMV virions and SPs was carried out according to the manufacturer's protocol (Sigma), with some modifications \[[@pone.0216905.ref002]\]. For FITC-labelling experiments in addition to the SPs with an average size of 260 nm, 980 nm SPs were used. The results of labelling were detected by fluorescence microscopy using an Axiovert 200M fluorescence microscope (Carl Zeiss, Germany) equipped with a digital cooled camera ORCAII-ERG2 (Hamamatsu, Japan) and SDS-PAGE electrophoresis, with subsequent analysis in UV light with a ChemiDOC XRS+ (Bio-Rad Laboratories, USA) accordingly \[[@pone.0216905.ref002]\].

Tritium bombardment {#sec005}
-------------------

The labelling of intact viruses and SPs using hot tritium atoms was carried out in the same way as described earlier \[[@pone.0216905.ref011], [@pone.0216905.ref013]\]. Tritium was introduced into the surface layer of the samples by bombardment of hot tritium atoms at the temperature up to 2000 K. A thin film of the suspension (0.5 mL at 1 mg • mL^--\ 1^) in 5 mM phosphate buffer, pH 7.0, was formed and lyophilized by the inside of a cylindrical glass reactor cooled to liquid nitrogen temperature. Three 10-second molecular tritium (^3^H~2~) pumping up when filling the reaction vessel to a pressure of 0.5 Pa were used to bombard samples with atomic tritium. The virus and SPs samples were washed with 5 mM phosphate buffer, pH 7.0 after labeling, and the SPs samples were lyophilized twice to clean samples from labile tritium. Both viruses and SPs retained their integrity, judging by the data of transmission electron microscopy and PAGE.

Analytical methods {#sec006}
------------------

Trypsinolysis was carried out at the enzyme: substrate ratio of 1:100 (w/w) for 1 h at 37°C in 5 mM Tris pH 7.8. Then the hydrolysis was continued for another 4 hours with a new portion (1:50 w/w) of trypsin (Promega). Samples, dissolved in 0.1% trifluoroacetic acid (TFA), were separated on an Ultrasphere ODS column (5 μm), 250 × 4.6 mm i.d. (Beckman) in a Beckman 344 chromatograph at flow rate of 1 mL·min^−1^, with gradients of acetonitrile (in 60 min 0--50% and in 10 min 50--60%), with 0.1% TFA. Eluate fractions were collected from 8--10 separations. The peptides were acid hydrolyzed as described previously \[[@pone.0216905.ref024]\]. Amino acid analysis with cation-exchange column and ninhydrin derivatization with our modifications \[[@pone.0216905.ref025]\] was performed on a Hitachi L8800 analyzer. We used a 150TR Radiomatic flow scintillation analyzer (Packard Co.) for simultaneous analysis of tritium radioactivity of amino acid. Data were processed using MultiChrom 1.71a (Ampersand Ltd., Moscow, Russia). The molar radioactivity for each amino acid residue in the peptide was calculated \[[@pone.0216905.ref026]\].

Limited proteolysis of SPs and virions and MALDI TOF-TOF MS analysis {#sec007}
--------------------------------------------------------------------

Limited proteolysis of the native virions and SPs was performed at 25°C using trypsin (Promega). All samples were treated with trypsin in enzyme/substrate ratios of 1:500 (wt/wt), for different time, as described by us previously \[[@pone.0216905.ref027]\] and subjected to MS analysis. MALDI TOF-TOF Ultraflex II mass spectrometer (Bruker Daltonik, Germany) with a 355 nm laser (Nd) was used to determine the mass spectra. The software GPMAW 4.04 and MASCOT Peptide Mass analysis ([www.matrixscience.com](http://www.matrixscience.com/)) were applied to search for correspondences between the observed ratio of mass to charge (m/z) and peptides.

Results {#sec008}
=======

While the structure of TMV virions is available at 3.6 Å resolution \[[@pone.0216905.ref028]\], which allows the identification of solvent-exposed surface amino acids, this information is not available at the present time for SPs. Our previous work has shown considerable conformational changes occur within the coat protein during the TMV to SPs thermal transition \[[@pone.0216905.ref029]\]. The transition into SPs is accompanied by a partial loss of α-helical protein structure and emergence of a β-sheet structure, giving the particles a high density. Thus, there are significant structural differences comparing TMV and SPs.

FITC-labelling of SPs and TMV virions {#sec009}
-------------------------------------

Firstly, we used fluorescein isothiocyanate to label the surface of native virions and SPs. Tobacco mosaic virus have no chemical reactive amino acids on the virions surface and have post-translation modification of CP N-terminus (N-acetyl serine) \[[@pone.0216905.ref030], [@pone.0216905.ref031]\]. In this regard, we were not surprised that TMV is not labeled with FITC ([Fig 1E](#pone.0216905.g001){ref-type="fig"}, [S1 Fig](#pone.0216905.s001){ref-type="supplementary-material"} line 6). However, after FITC-labeling of SPs we detected fluorescence of particles ([Fig 1A and 1C](#pone.0216905.g001){ref-type="fig"}) and SPs protein in UV-light ([S1 Fig](#pone.0216905.s001){ref-type="supplementary-material"} lines 4--5). Presumably, under our reactions conditions (0.1 M sodium carbonate buffer, pH 9.1) lysine amino acid residues (K53 and K68) are labeled. We suppose that thermal denaturation of TMV leads to appearance on SPs surface of one or two lysines capable of reacting with FITC. These data suggest a difference in the amino acid composition of the SPs and native virions surface.

![Fluorescein isothiocyanate (FITC) binds to the surface of SPs.\
(A, B) SPs (980 nm in diameter); (C, D) SPs (260 nm in diameter); (E, F) native TMV virions---control. (A, C, E) fluorescence microscopy, (B, D, F) phase contrast. Bars, 3 μμm.](pone.0216905.g001){#pone.0216905.g001}

Tritium planigraphy study of spherical particles {#sec010}
------------------------------------------------

A comparative study by tritium planigraphy of two kinds of preparation was carried out: the intact TMV virions and SPs. In preliminary experiments, we investigated different conditions of labelling of SPs preparations (types of targets, reaction temperature), to increase the effectiveness of their labelling. It had been shown that the freezing-lyophilization operation does not lead to any changes in the spherical particles. SPs retained their integrity, as judged by transmission electron microscopy and PAGE. The distribution of tritium in amino acids of protein SPs labelled under different conditions after total acid hydrolysis was maintained, which also confirmed the preservation of the structure of SPs.

The location of tritium label along the polypeptide chain of TMV and SPs after tritium labelling of the intact SPs and virions preparation is shown in [Fig 2](#pone.0216905.g002){ref-type="fig"}. Data for the TMV virus are those published in our previous work \[[@pone.0216905.ref012]\]. Two repeated experiments on the tritium bombardment of the SPs were carried out, with resembling results. The location of label in virions and SPs differ significantly.

![The tritium label location in the TMV virion and SPs proteins upon tritium bombardment of samples.\
A~i~/A~Σ~ (%), the ratio of the specific radioactivity of the residue (A~i~) to the overall radioactivity of all protein residues (A~Σ~), in %. Amino acid residues numbering (in a single-letter code) is shown at the bottom of the axis. The trypsin cleavage sites are shown by arrows. The data for cysteine and tryptophan are not shown because they were destroyed by acid hydrolysis.](pone.0216905.g002){#pone.0216905.g002}

The label distribution between the tryptic peptides is given in [Table 1](#pone.0216905.t001){ref-type="table"}. Surface regions of SPs and virions are seen more clearly in columns 6 and 7, respectively, where relative radioactivity has been calculated per amino acid in peptide. The tritium label in the intact virus was mainly included in the surface sites of the polypeptide chain, according to X-ray diffraction \[[@pone.0216905.ref028]\]---the N-terminal region (18%), the C-terminal region (≈45%) and the Thr59--Ser65 region (≈10% of total label) \[[@pone.0216905.ref012]\]. A five-fold increase in label inclusion in the SPs in comparison with virions occurred in T2 (Thr42--Arg46), T5 (Val69--Arg71) and T8-T10 (Ile93-- Arg134) peptides, and a pronounced drop (four-fold) occurred in T11-12 (Gly135--Thr158) peptides. The labeling of protein areas that form axial or lateral intersubunit contacts in the virion (located in peptides T2, T5, T6, T8, T9 and T10) has greatly decreased in SPs, while the labeling of areas exposed on the surface of the virion (located in peptides T1, T3, T4, T11 and T12) increased. A similar consistent pattern was observed earlier \[[@pone.0216905.ref012]\] when comparing labeling of the virion and isolated protein. The [Table 1](#pone.0216905.t001){ref-type="table"} also shows the tritium distribution between the tryptic peptides of the CP after labelling of isolated CP preparations, published in our work \[[@pone.0216905.ref012]\]. A two-fold increase in label inclusion in the SPs in comparison with CP\`s occurred in T2-T4 (Thr42-- Lys68) and a two-fold drop occurred in T10 (Ser123--Arg134), T12 (Ser142--Thr158) peptides. Thus, our data indicate a significant difference in amino acids surface composition of SPs, virions and CP isolated from TMV.

10.1371/journal.pone.0216905.t001

###### Tritium label distribution between tryptic peptides of SPs, TMV virion and isolated CP.

![](pone.0216905.t001){#pone.0216905.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Peptide\               Number of residues   Total peptide radioactivity, %   Averaged peptide radioactivity[^a^](#t001fn001){ref-type="table-fn"}, %/ residue   Relative radioactivity\                                                        
  (amino acids)                                                                                                                                                   change[^b^](#t001fn002){ref-type="table-fn"},\                                 
  ---------------------- -------------------- -------------------------------- ---------------------------------------------------------------------------------- ------------------------------------------------ ----- ----- ----- ----------- -----------
  T1 (Ser1--Arg41)       39                   13,6                             18,0                                                                               17,0                                             0,3   0,5   0,4   0,8 (0,1)   0,8 (0,1)

  T2 (Thr42--Arg46)      5                    4,7                              0,9                                                                                2,7                                              0,9   0,2   0,5   5,2 (2,0)   1,7 (0,7)

  T3 (Glu47--Arg61)      14                   11,0                             10,2                                                                               4,9                                              0,8   0,7   0,4   1,1 (0,2)   2,2 (0,5)

  T4 (Phe62--Lys68)      7                    6,3                              8,7                                                                                2,7                                              0,9   1,2   0,4   0,7 (0,2)   2,3 (0,7)

  T5 (Val69--Arg71)      3                    2,7                              0,5                                                                                3,1                                              0,9   0,2   1,0   5,5 (2,0)   0,9 (0,4)

  T6 (Tyr72--Arg90)      19                   6,3                              3,7                                                                                4,6                                              0,3   0,2   0,2   1,7 (0,4)   1,4 (0,1)

  T7 (Asn91--Arg92)      2                    -                                -                                                                                  -                                                -     -     -     -            

  T8 (Ile93--Arg112)     20                   23,3                             4,3                                                                                16,3                                             1,2   0,2   0,8   5,4 (0)     1,4 (0)

  T9 (Arg113--Arg122)    10                   13,1                             2,4                                                                                12,9                                             1,3   0,2   1,3   5,4 (0,2)   1,0 (0)

  T10 (Ser123--Arg134)   12                   6,8                              2,3                                                                                11,2                                             0,6   0,2   0,9   3,0 (0,4)   0,6 (0,1)

  T11 (Gly135--Arg141)   7                    2,3                              4,6                                                                                2,2                                              0,3   0,7   0,3   0,5 (0,1)   1,1 (0,2)

  T12 (Ser142--Thr158)   16                   10,0                             44,4                                                                               22,4                                             0,6   2,8   1,4   0,2 (0)     0,4 (0,1)

  Sum                    154                  100                              100                                                                                100                                                                            
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^ Average peptide radioactivity was calculated by dividing the total radioactivity of the peptide by the number of residues constituting the peptide, i.e. an average radioactivity of one residue in a peptide was determined.

^b^ The ratios of the radioactivity of the SPs, virions and CP peptides are shown. Standard deviations are given in parentheses.

Possible surface regions of the SPs included two segments of about thirty amino acids: Arg41-Arg71, T2-T5 (≈26% of total label for SPs) and Ile93--Arg122, T8-T9 (≈36%).

Possibly, the four-helix α-helical bundle in the TMV CP subunit \[[@pone.0216905.ref028]\] partially unfolds in the process of TMV to SPs transition. Tritium label incorporation among protein secondary structure elements is calculated by us and presented in [Table 2](#pone.0216905.t002){ref-type="table"} for the virions, SPs and isolated CP preparations.

10.1371/journal.pone.0216905.t002

###### Tritium label incorporation among protein secondary structure elements in the virion, SPs and isolated CP.

![](pone.0216905.t002){#pone.0216905.t002g}

  Secondary structure element   Amino acid residues   Number of residues   Summarized element radioactivity [^a^](#t002fn001){ref-type="table-fn"}, %   Averaged element radioactivity [^b^](#t002fn002){ref-type="table-fn"}, %/residue   Relative radioactivity change,                                                               
  ----------------------------- --------------------- -------------------- ---------------------------------------------------------------------------- ---------------------------------------------------------------------------------- -------------------------------- ----------------- ----------------- ----------------- ----- -----
  *l*1                          \`1--8                8                    2,6                                                                          5,6                                                                                2,4                              0,32              [**0,70**]{.ul}   0,31              0,5   1,1
  α1                            \`9--14               6                    2,6                                                                          4,5                                                                                7,1                              0,44              [**0,74**]{.ul}   [**1,18**]{.ul}   0,6   0,4
  *l* 2                         15--16                2                    0,5                                                                          0,7                                                                                0,3                              0,27              0,37              0,14              0,7   2,0
  β1                            17--18                2                    0,3                                                                          0,2                                                                                0,3                              0,17              0,08              0,13              2,2   1,3
  α2                            19--33                15                   5,2                                                                          5,7                                                                                6,4                              0,34              0,38              0,42              0,9   0,8
  *l* 3                         34--36                3                    0,4                                                                          0,4                                                                                0,2                              0,14              0,14              0,06              1,0   2,2
  α3                            37--52                16                   9,3                                                                          4,1                                                                                4,6                              [**0,58**]{.ul}   0,26              0,29              2,3   2,0
  *l* 4                         53--67                15                   14,0                                                                         16,7                                                                               6,2                              [**0,93**]{.ul}   [**1,11**]{.ul}   0,41              0,8   2,3
  β2                            68--70                3                    1,9                                                                          0,4                                                                                2,4                              [**0,63**]{.ul}   0,12              [**0,80**]{.ul}   5,4   0,8
  *l* 5                         71--72                2                    1,5                                                                          0,4                                                                                0,8                              [**0,77**]{.ul}   0,22              0,41              3,5   1,9
  α4                            73--86                14                   4,7                                                                          2,6                                                                                3,6                              0,34              0,19              0,26              1,8   1,3
  *l* 6                         87--110               24                   22,7                                                                         4,9                                                                                16,3                             [**0,95**]{.ul}   0,20              [**0,68**]{.ul}   4,7   1,4
  α5                            111--135              25                   22,1                                                                         5,2                                                                                24,9                             [**0,88**]{.ul}   0,21              [**1,00**]{.ul}   4,3   0,9
  *l* 7                         136--137              2                    0,6                                                                          0,5                                                                                0,7                              0,32              0,23              0,33              1,4   1,0
  β3                            138--139              2                    0,7                                                                          0,4                                                                                0,5                              0,36              0,19              0,24              2,0   1,5
  α6                            140--146              7                    2,3                                                                          9,4                                                                                2,1                              0,33              [**1,35**]{.ul}   0,31              0,2   1,1
  C                             147--158              12                   8,4                                                                          38,6                                                                               21,3                             [**0,70**]{.ul}   [**3,22**]{.ul}   [**1,78**]{.ul}   0,2   0,4

^a^ Summarized element radioactivity was evaluated by summing radioactivity of all amino acids comprising an element.

^b^ Average element radioactivity was calculated by dividing the summarized element radioactivity by the number of residues comprising an element, i.e. an average radioactivity of one residue in an element was evaluated, and values above 0.55% are underlined and highlighted in bold.

Indeed, as seen in the [Table 2](#pone.0216905.t002){ref-type="table"}, the segment in which there is an increase in the label content consists of an α3-helix (37--52), probably disordered, and an entire loop l4-β2-l5 (53--72). In addition, the other long segment, including a loop (87--110) and a possible disordered α5--helix (111--135), was also transformed to the surface of SPs. On the other hand, the inclusion of the label in the N- and C-ends (1--15, 142--158) was significantly reduced.

Limited proteolysis of SPs and intact virions {#sec011}
---------------------------------------------

For a further characterization of SPs and comparison with virions of TMV, we used limited proteolysis by digestion with trypsin (in enzyme/substrate ratios 1:500, at room temperature, concentration of protein was 1 mg/mL). [Fig 3](#pone.0216905.g003){ref-type="fig"} depicts the time course of proteolytic digestion of SPs (A, B, C) and intact virions (D, E), as monitored by MALDI-TOF MS analysis of the products. Intact virions did not digest within 1 hour of trypsinolysis. Proteolysis of SPs under the same conditions was observed on almost all tryptic sites, besides K68 and R134. Complete disappearance of an initial protein peak (17.5 kDa) occurred after 20 min of incubation. After 5 min, trypsinization peaks appeared with m/z 12364 \[47--158\], 7514 \[47--112\], 7038 \[93--158\], 5346 \[47--92\], 5076 \[47--90\], 4871 \[113--158\], 4605 \[1--41\] and 3189 \[113--141\] ([Fig 3B](#pone.0216905.g003){ref-type="fig"}). After 10 min of trypsinization, additional peaks appeared with m/z 3773 \[123--158\], 3575 \[62--92\], 3305 \[62--90\], 2321 \[72--92\] and 2050 \[72--90\] ([Fig 3C](#pone.0216905.g003){ref-type="fig"}).

![**MALDI-TOF MS analysis of the products of limited proteolysis of the proteins in SPs (A, B, C) and TMV virions (D, E).** Samples were incubated with trypsin in enzyme/substrate ratios of 1:500 for varying periods of time; incubation times at room temperature are shown. The molecular masses of the products of limited proteolysis are indicated above the peaks.](pone.0216905.g003){#pone.0216905.g003}

These data suggest that limited trypsinolysis of the SPs induced step-by-step fragmentation of protein. The list of m⁄z values found and their correspondence with the database CP TMV protein sequence are summarized in [Table 3](#pone.0216905.t003){ref-type="table"}.

10.1371/journal.pone.0216905.t003

###### Peptides are products of limited proteolysis of the SPs with trypsin identified by MALDI-TOF MS analysis.

![](pone.0216905.t003){#pone.0216905.t003g}

  m/z     Amino acid residues                            Intensity [^a^](#t003fn001){ref-type="table-fn"}   
  ------- ---------------------------------------------- -------------------------------------------------- ------
  17535   1--158                                         592                                                274
  12364   47--158                                        389                                                125
  9206    1-41-S-S-1-41                                  2583                                               2232
  8768    1--158[^b^](#t003fn002){ref-type="table-fn"}   1501                                               581
  7514    47--112                                        1411                                               800
  7039    93--158                                        4090                                               1877
  5346    47--92                                         2522                                               3500
  5074    47--90                                         2750                                               3757
  4869    113--158                                       4550                                               2915
  4603    1--41                                          8476                                               7523
  3773    123--158                                       \-                                                 2175
  3575    62--92                                         \-                                                 3491
  3305    62--90                                         \-                                                 3350
  3188    113--141                                       1887                                               5111
  2321    72--92                                         \-                                                 5952
  2050    72--90                                         \-                                                 6154

^a^ -The intensity of the peaks from [Fig 3B and 3C](#pone.0216905.g003){ref-type="fig"}) and incubation time with trypsin are shown.

^b^---(MH++) ions of TMV protein.

The Table shows that trypsin, in 5 min, cleaved more than three protein sites of SPs (R41, R46, R112), and in 10 min of proteolysis cleavage, additional proteolysis sites appeared (R61, R71, R90, R92, R122, R141). We did not observe cleavage in K68 and R134, even after 1 hour of trypsinolysis.

These data, to some degree, correspond to our data obtained from a tritium planigraphy study, which are represented in [Fig 2](#pone.0216905.g002){ref-type="fig"}. The enzyme cleaved strongly labelled segments in the first 2--5 min, and weakly labelled segments in only 10 min. The obtained data indicate that these strongly labelled regions were located outside the globule, on the SPs surface and ⁄ or weakly structured, unlike the virion.

Discussion {#sec012}
==========

Transition of tobacco mosaic virus (TMV) into spherical particles (SPs) by thermal treatment at 94°C has been described in detail recently \[[@pone.0216905.ref001]\]. Previously, we studied some physicochemical properties of SPs using circular dichroism (CD), fluorescence spectroscopy and Raman spectroscopy \[[@pone.0216905.ref029]\]. However, the fine structure of the SPs had not yet been determined.

The results of fluorescence microscopy and SDS-PAGE electrophoresis of FITC-labelled TMV virions and SPs demonstrate that the surface amino acid composition of SPs and TMV is dramatically different. Here, a comparative tritium planigraphy study of the surface structure of SPs and virions, to characterize their surface and determine surface regions, was performed. It was established that the incorporation of tritium labels in SPs in some segments of protein differed from that of native virions. It has been shown that thermal transformation of TMV leads to a significant increase in tritium label inclusion into the 41--71 and 93--122 segments of the 158-residue-long protein, with some decrease in label introduction into the N- and C-terminal region (1--15, 142--158). The segments of the polypeptide chain available for tritium inclusion of TMV, SPs, isolated CP and schematic representation of the surface sites of SPs protein are indicated on [S2 Fig](#pone.0216905.s002){ref-type="supplementary-material"}. In the virion, the main label was close to the exterior part of the molecule \[[@pone.0216905.ref012], [@pone.0216905.ref028]\]. The increase in the availability of tritium in areas lying in the depth of the virion can be explained only by significant conformational changes of secondary and tertiary structures of the protein in SPs.

We also used independent experimental approaches---limited proteolysis and MALDI-TOF mass spectrometer analysis of the proteolysis products of SPs to explain the high level of tritium label incorporation into these areas. The cleavage sites were identified by a proteomic technique based on MALDI-TOF MS analysis. The enzyme cleaved strongly labelled segments in the first 2--5 min. Obtained data indicate that these strongly labelled regions were located on the SPs surface and ⁄ or weakly structured, unlike the virion. Previously, we found that unstructured segments in proteins were strongly labelled and easily cleaved by proteases \[[@pone.0216905.ref027], [@pone.0216905.ref032], [@pone.0216905.ref033]\]. In addition, using CD spectroscopy in the far UV range \[[@pone.0216905.ref029]\], we showed that SPs have a low α-helix content and a significant proportion of the β-structure, in contrast to intact virions (see [S2 Fig](#pone.0216905.s002){ref-type="supplementary-material"}). These results suggest that the TMV to SPs remodeling leads to changes in the amino acid composition exposed on the particles surface. Using fluorescence spectroscopy \[[@pone.0216905.ref029]\], we compared TMV and SPs spectra and found that the maximum position of the fluorescence spectrum shifted substantially (from 326 to 340 nm), indicating that after thermal remodeling the environment of Trp and Tyr residues altered to much more hydrophilic. Indeed, according to tritium planigraphy data ([Fig 2](#pone.0216905.g002){ref-type="fig"}), the aromatic residues Tyr 70, 72 and Trp 52 are included in the protein site, in which there is an increase in the inclusion of the label. Furthermore, reaction of SPs with thioflavin T suggests the appearance of cross-β-structures and amyloid-like structures. It is likely that, with the emergence of thermal associations of the TMV coat protein, the newly formed β-structures are involved in interactions between subunits, as we have shown for thermal denaturation of CP potato virus A \[[@pone.0216905.ref034]\] and potato virus X \[[@pone.0216905.ref035]\].

Apparently, assembly from thermally denatured protein subunits makes the SPs surface substantially hydrophobic. The total radioactivity of amino acid residues of protein in the SPs and virions of TMV is shown in [Fig 4](#pone.0216905.g004){ref-type="fig"}. The data of residue radioactivity (in %) are presented for five groups: hydrophobic/aliphatic (I, L, V, A), aromatic (F, Y), hydrophilic (S, T, N, Q), basic/acid (E, D, K, R) and other (G, P) amino acids. The figure shows a significant increase in the tritium labelling of hydrophobic/aliphatic residues I, L, V, A (by 1.5--3 times).

![Total radioactivity of amino acid residues of protein in the SPs and virions of TMV.\
The data of residue radioactivity (in %) are presented for five groups: hydrophobic/aliphatic (I, L, V, A), aromatic (F, Y), hydrophilic (S, T, N, Q), basic/acid (E, D, K, R) and other (G, P) amino acids. The data on SPs TMV are shown as white columns, and the data on intact TMV as grey columns.](pone.0216905.g004){#pone.0216905.g004}

A recent study showed that SPs could be non-covalently modified through adsorption of foreign proteins on the SPs surface, and that these modifications are driven, supposedly, through electrostatic and hydrophobic interactions \[[@pone.0216905.ref002]\]. In addition, the total radioactivity of lysines increased by 8 times ([Fig 4](#pone.0216905.g004){ref-type="fig"}). Lysines 53 and 68 are presumably located in areas located on the SPs surface. These data are in agreement with the results of FITC-labelling and the data of the study, which investigated the reactivity of SPs to bioconjugation reactions directed to lysine \[[@pone.0216905.ref036]\].

In subsequent experiments, the secondary structure elements forming SPs will be analyzed, to build an accurate structure model of this protein.

The results of our work demonstrate the differences in the surface of the TMV SPs and virions and explain the unique properties of the TMV SPs. Data on changes in the amino acid composition of the surface enable a significant step to be taken towards understanding structural changes during the thermal transition of a virion-spherical particle, and open new possibilities for biologically active groups labelling on the SPs surface for novel bioengineering and medicine developments.

Supporting information {#sec013}
======================

###### SDS-PAGE of FITC-labeled SPs.

(1, 4) SPs (980 nm in diameter); (2, 5) SPs (260 nm in diameter); (3, 6) native TMV virions---control. (1--3) Coomassie Blue staining, (4--6) UV light. Positions of the molecular weight markers (kDa) are indicated at the left side.

(TIF)

###### 

Click here for additional data file.

###### Schematic representation of the surface sites of SPs protein.

**(**A) The tritium incorporation into amino acid residues along the polypeptide chain of proteins SPs, TMV and isolated CP. The coloring was carried out according to the principle of rainbow and reduction of specific activity (red\> yellow\> green\> blue--matched \>0.5%, 0.5--0.4%, 0.4--0.3%, 0.3--0%, respectively. The residues lost during analysis are not colored. α-Helices (H) and β-structure (B) in U1 CP are represented. (B) The surface sites of SPs protein are indicated. The figure is based on X-ray diffraction data TMV coat protein subunit in the virion \[[@pone.0216905.ref028]\]. Red color shows labeled area, that possibly transformed into betta and disordered structures \[[@pone.0216905.ref029]\]. Region with a low level of labeling is shown in gray.

(TIF)

###### 

Click here for additional data file.

###### Underlying data used to reach the conclusions drawn in the manuscript.

Data set for [Fig 2](#pone.0216905.g002){ref-type="fig"} and [Fig 4](#pone.0216905.g004){ref-type="fig"}.

(PDF)

###### 

Click here for additional data file.
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